Silicon carbide (SiC) hosts many interesting defects that can potentially serve as qubits for a range of advanced quantum technologies. Some of them have very interesting properties, making them potentially useful, e.g. as interfaces between stationary and flying qubits. Here we present a detailed overview of the relevant properties of the spins in silicon vacancies of the 6H-SiC polytype. This includes the temperature-dependent photoluminescence, optically detected magnetic resonance (ODMR) and the relaxation times of the longitudinal and transverse components of the spins, during free precession as well as under the influence of different refocusing schemes.
I. INTRODUCTION

A. Spin centers in silicon carbide
Silicon carbide (SiC) is known for the diversity of its polytypes with remarkable and tunable electrical and optical properties as well as its radiation stability [1, 2] . SiC has a large bandgap with deep defects and is supported by sophisticated fabrication techniques [3] [4] [5] [6] . Recently, silicon-vacancy (V Si ) centers in SiC were proposed as an alternative to Nitrogen vacancy (NV) centers in diamond for spintronics and quantum technologies [7] . The photoluminescence of the defects in SiC lies in the near infrared, which allows, e.g., optical detection of spin states [8] [9] [10] [11] [12] . The color centers in SiC can be grouped into two classes depending on their spin in the ground state: S=1 or S=3/2 [1, 9, [13] [14] [15] [16] [17] [18] . The divacancies (V Si − V C ) are formed by adjacent pairs of Si and C vacancies, have spin S=1 and are known as P6 and P7 in the literature [8, 9, [19] [20] [21] . The four dangling sp 3 orbitals at the V Si site contribute four electrons. If V Si captures an additional electron, it becomes a negatively charged silicon vacancy (V − Si ) [16, [22] [23] [24] whose spin state was shown to be S = 3/2 by a radiofrequency-optical double resonance technique [23, 25] . The site symmetry of V − Si is C 3v , as shown in Fig. 1 . Several separately addressable V − Si have been identified in the same crystal for each of the main SiC polytypes: hexagonal 4H-SiC and 6H-SiC and rhombic 15R-SiC. The 4H-SiC polytype, e.g., hosts one hexagonal (h) and one cubic (k) lattice site and in 6H-SiC there are one hexagonal and two cubic sites (h, k 1 and k 2 ). V − Si at a hexagonal site h of 4H-and 6H-SiC is called a V 2 type vacancy, at a cubic site k of 4H-SiC it is called V 1 and in 6H-SiC V 1 and V 3 are located at sites k 1 and k 2 [13] . The spins of V − Si in SiC are highly controllable and can be manipulated with the techniques that have been developed, e.g., for working with diamond NV qubits. This was demonstrated with ensembles [26] as well as with single centers [7] . Optically induced spin polarisation of the ground state at room temperature has been demonstrated using electron spin resonance [27] . This spin polarisation can be used to implement solid-state masers and extraordinarily sensitive radio-frequency amplifiers [10] or magnetic field sensors with dc field sensitivities < 100 nT/ √ Hz [28] . In some V − Si the zero-field splitting (ZFS) is nearly temperature independent, making these centers very attractive for vector magnetometry. Contrarily, the zero-field splitting of the centers V 2 centers in 4H-SiC in the excited state exhibits a large thermal shift, which makes them useful for thermometry applications [29] . All four ground state spin levels of V − Si have been used to demonstrate absolute dc magnetometry, which is immune to thermal noise and strain inhomogeneity [30] .
B. Preserving spin coherence
An important precondition for the implementation of quantum technologies, including quantum information processing is that the phase of superposition states can be preserved for times significantly longer than the duration of the computational task [31, 32] . Achieving this goal generally requires an array of measures [33] , including passive schemes like decoherence-free subspaces [34] or active schemes like spin-echoes [35] . In divacancy spin arXiv:2001.06842v1 [quant-ph] 19 Jan 2020 ensembles in 4H-SiC, Hahn-echo times longer than 1 ms were observed at 20 K [20] . In most cases, the interactions with the environment that cause the dephasing are not static and a single refocusing pulse is not sufficient to completely suppress the dephasing. For those cases, multiple echo sequence were developed by Carr and Purcell [36] , consisting of equidistant π pulses. This basic experiment was improved to make it more robust with respect to experimental imperfections [37] [38] [39] . These so-called dynamical decoupling (DD) techniques have been applied to extend the coherence times of different types of qubits, including, e.g., rare-earth ions [40] and the spin of the NV center in diamonds [41] . In the V 2 vacancy of the 4H-SiC polytype, the efficiency of the spin-echo experiment depends strongly on the magnetic field [42] . Combining Carr-Purcell-Meiboom-Gill (CPMG) decoupling with a static magnetic field can extend the spin coherence time of the V 2 center in 4H-SiC to more than 20 ms [43] .
C. Outline of this paper
In this work, we focus on the 6H-SiC polytype whose spin properties have not yet been studied in detail. Sec. II gives details of the sample preparation, photoluminescence measurement, and the optical pumping scheme. Sec. III describes the experimental setup for continuouswave as well as pulsed optically detected magnetic resonance (ODMR) measurements. Sec. IV describes the results of the spin-lattice and spin-spin relaxation measurements. Sec. V contains the discussion and concluding remarks.
II. SYSTEM
A. Sample
The experiments were performed on a sample that was isotopically enriched in 28 Si and 13 C. The Si enrichment was performed using gas-centrifuge technology, resulting in an isotopic purity of 99.999%, which was available in the form of small 28 Si pieces (1-3 mm). The 13 C source was carbon powder enriched to 15% in 13 C. The SiC crystal was grown at a temperature of 2300°-2400°C on a (0001) Si face in an Argon atmosphere at a growth rate of ≈ 100µm/h. After growing the SiC crystal, machining and cutting of the wafers were carried out. The isotope composition was measured by Secondary Ion Mass Spectroscopy(SIMS). The concentrations of 28 Si, 29 Si, and 30 Si are 99.918 %, 0.076%, and 0.006 %, respectively. The concentrations of 12 C and 13 C are 95.278% and 4.722%, respectively. To create V − Si centers, the crystal was irradiated with electrons with a dose of 10 18 cm −2 and an energy of 2 MeV. 
B. Photoluminescence
To measure the Photoluminescence (PL) of the sample, we used the setup shown schematically in Fig. 2 . A Ti:sapphire laser provided the optical excitation. The PL was collected with the help of two convex lenses of focal length 20 cm. The collected PL was passed through a long-pass 850 nm filter (F; Thorlabs) to a monochromator (Spex 1704). An avalanche photodiode (APD) module with a frequency bandwidth from DC to 100 kHz (C5460-1 series from Hamamatsu) was attached to the monochromator for detecting the PL. The voltage output of this APD was measured with the lock-in amplifier (SRS model SR830). The laser beam was modulated with a chopper, whose sync signal served as reference for the lock-in amplifier. Fig. 3 shows some PL spectra recorded at different temperatures with the excitation laser set to 790 nm. The sample was cooled down using a Helium cryostat, and the PL spectra recorded at ≈ 5.4 K, 150 K, 200 K, 250 K and 300 K are shown. The zero phonon lines (ZPL) of the negatively charged vacancies are visible at the expected wavelengths of 865 nm (V 1 ), 887 nm (V 2 ) and 908 nm (V 3 ) [13] . The negatively charged defects in 6H-SiC have spin S = 3/2 [23, 25] . Fig. 4 shows the energy-level diagram of the 6H-SiC V − Si in the absence of an external magnetic field. The states |0 and |1 in the electronic ground state are degenerate S = 3/2, m S = ± 3 2 (|± 1 2 ) and |± 1 2 (|± 3 2 ) spin states in the case of the V 1 /V 3 (V 2 ) vacancy [10, 44] . The states |2 and |3 represent the S = 3/2, m S = ± 3 2 (|± 1 2 ) and ± 1 2 (|± 3 2 ) spin substates of the electronically excited states of V 1 /V 3 (V 2 ) [11, 12] . The shelving state |4 is an S = 1/2 state, which is important for the optical pumping process [11] .
C. Energy levels and optical pumping
The spin Hamiltonian of the S = 3/2 states is
where the zero field splitting in the electronic ground state is 2D = −28 MHz for V 1 /V 3 and 128 MHz for V 2 [44] , g = 2.0 is the electron g-factor, µ B is the Bohr magneton, B is the external magnetic field, S is the vector of the electron spin operators. We use a coordinate system whose z-axis is oriented along the C 3 symmetry axis, which is also the c-axis. In the absence of optical pumping, when the spin system is in thermal equilibrium at room temperature, all four ground states are almost equally populated. When the system is irradiated with a laser, the populations are re-distributed, as shown schematically in Fig. 4 . When the laser is turned on, it excites transitions from the ground states |0 and |1 to the excited states |2 and |3 . From the excited states |2 and |3 most of the population falls back to the |0 and |1 states by spontaneous emission with a rate k 20 and k 31 . However, the system can also undergo intersystemcrossing (ISC) to the shelving states |4 with the rates k 24 and k 34 [11] . From there the system returns to the ground state, with a bias for the state |1 over state |0 with the rates k 40 and k 41 [25, 30, 44] . The exact ISC rates from and to the shelving state are not yet known precisely but, by considering the recorded ODMR data shown in Fig. 6 focal length 20 cm. The PL from the sample was collected with a pair of lenses (L1 and L2 with focal lengths 5 cm and 15 cm respectively), sent through a 850 nm long-pass filter to suppress stray light from the laser and to an avalanche photodiode (APD) module with a frequency range from DC to 10 MHz (C12703 series from Hamamatsu). The APD signal was demodulated with a lock-in amplifier (SRS model SR830 DSP) whose reference signal was derived from the PFG modulating the RF. Magnetic field (mT) sence of a magnetic field by sweeping the frequency of the RF at different RF powers, using the setup shown in Fig. 5 . Two peaks with different signs are observed: a positive one (i.e. increase of PL at the application of RF) at 28 MHz and a negative one at 128 MHz. In a previous work [13] , it was shown that the peak at 128 MHz corresponds to the V − Si at lattice sites k 2 (V 2 type) and the peak at 28 MHz corresponds to V − Si at two quasi-cubic sites k 1 and k 2 (V 1 and V 3 type) which have the same D value [13] . Recently it has been shown the peak at 28 MHz corresponds to V − Si at quasi-cubic site k 1 and the peak at 128 MHz corresponds to the V − Si at the quasicubic site k 2 (V 3 type) [44] . Since the ODMR peaks assignment is still debatable, we will follow the ODMR peaks assignment used in earlier work [13] . The variation of amplitude and linewidth with RF power is shown in Fig. 6 (b) and (c), respectively. The amplitude data were fitted with the function S(P ) = S max (P/(P 0 + P )), where S(P ) is the signal amplitude and P the RF power. S max and P 0 are the fitting parameters and the resulting values were 0.2087% and 0.8573 W (0.07112 % and 0.8834 W ) for V 1 / V 3 (V 2 ) respectively. The linewidth data were fitted to the function
where LW (P ) is the linewidth. The resulting values for the fitting parameters LW 0 and a were 6.193 MHz and Arrows labeled with ν 1 and ν 2 represent the transition from |3/2 → |1/2 and | − 3/2 → | − 1/2 respectively. Fig. 7 (c) summarises the ODMR spectra for a range of magnetic fields from 0 to 9 mT, applied parallel to the c-axis, using an RF power of 32 dBm (1.6 W). In this plot the magnetic field strength B is plotted along the horizontal axis and the vertical axis corresponds to the RF frequency. The relative change of the PL is colorcoded as shown by the color bar to the right of the plot. Fig. 7 (d) shows the simulated spectrum. The transition frequencies are obtained from the Hamiltonian of Eq. (1), while amplitudes and linewidths are taken from the experimental data. 
B. Pulsed ODMR
The uncontrolled interaction with a noisy environment has two effects on a system that has been excited from its thermal equilibrium state: it causes dephasing and a return of the system to the thermal equilibrium state. If the system is used in quantum technology applications [32, 45] , both effects are unwanted since long coherence times are an essential requirement for technologies like quantum computing, quantum metrology and quantum memories. To assess the suitability of for these applications, a precise characterisation of the decoherence processes is therefore essential. For this purpose, we use the time-resolved ODMR technique [46, 47] . For the time-resolved measurements, we modified the setup of Fig. 5 to generate laser-and RF pulses of variable duration. Fig. 8 shows the modified setup. For generating the laser pulses, we used an acousto-optical modulator (AOM; NEC model OD8813A). The center frequency of the AOM was 100 MHz, and the RF power was 1.2 W. The RF control signal was generated by a programmable 1 GHz synthesizer HM8133-2 and the RF pulses were generated by an RF switch (Mini-Circuits ZASWA-2-50DR+, DC-5 GHz). The TTL pulses that control the timing were generated by a SpinCore Pulse-Blaster ESR-PRO PCI card. The RF pulses that drive the spins were generated by an AWG (WavePond -Chase Scientific, DAx14000). The RF pulses were amplified up to 50 W and applied to the SiC sample through a tuned circuit for minimizing reflections. The signal from the APD detector was recorded with a USB card (PicoScope 2000 series) attached to a computer. In all experiments described below, a laser pulse of 75 mW power and 300 µs duration initializes the SiC vacancies by populating the state |1 more than the state |0 . At this laser intensity, the time constant for the transfer of population to spin state |1 is 28 µs (11 µs) for V 2 (V 1 /V 3 ). After the polarisation of the spin system, a sequence of RF pulses was applied to the system, as discussed in detail below. To read out the final state of the spin system, we applied a second laser pulse of duration 4 µs during which we collect the PL as described in Sec. IIA. In the time-resolved experiment, we averaged the signal 500 times and subtracted it from a 500 times averaged signal of a reference pulse sequence to remove unwanted background signals. This process was repeated 5 times and again the average was taken. To calibrate the strength of the RF field for the pulsed excitation, we performed a measurement of Rabi oscillations for the transition between the |0 and |1 of V − Si , using the pulse sequence shown in Fig. 9 (a) . After this initializing laser pulse, a 16 W RF pulse of variable duration τ R was applied. Here the reference signal was obtained from an experiment without an RF pulse. Fig. 9 (b), shows the resulting experimental data for the V 1 / V 3 and V 2 type vacancies. The experimental data were fitted to the function
where S RF (τ R ) is the signal measured with an the RF pulse of duration τ R and S 0 (τ R ) the reference signal without RF pulse. For V 1 /V 3 , we obtained the fit pa- 
IV. RELAXATION MEASUREMENTS
A. Population relaxation
Spin-lattice relaxation is the process by which the populations of the spin system relax to the thermal equilibrium state. It is also known as longitudinal relaxation and contributes to the decoherence process. The pulse sequence used to measure the longitudinal relaxation is shown in Fig. 10 (a) . After the initializing laser pulse the system was allowed to relax for a time τ 1 and then the measuring laser pulse was applied to record the remaining population difference. The result of this experiment was subtracted from a similar experiment where the populations of the levels |0 and|1 were inverted by a π pulse applied to the transition between them. Fig.10 (b) shows the resulting signals for both vacancy spins as a function of the delay τ 1 . The experimental signal was fitted to the function
where S π (τ 1 ) and S 0 (τ 1 ) are the average signal measured during the reference and the main pulse sequence respectively for different delays τ 1 . From the fit, we obtained the T 1 relaxation times 142.1±3.6 µs and 107±6.6 µs for the V 1 /V 3 and V 2 sites, respectively.
B. Free Induction Decay
Another important process is the decay of coherence, which can be observed in a free induction decay (FID) measurement. While the free precession of spin coherence can be observed directly in conventional magnetic resonance, here we used the Ramsey scheme [48] where a π/2 RF pulse converted the coherence into a population difference, which was then read out during the final laser pulse. Figure 11 shows the experimental scheme: After the initialisation by the first laser pulse, the first RF pulse generated the coherence, which was then allowed to precess for a time τ f before it was read out. We again used the difference between two experiments, where the two RF pulses have a phase difference of φ d = ν det τ f and π + φ d , respectively, to suppress unwanted background signals. Fig. 11 (b) , shows the FIDs measured with a detuning frequency of ν det =40 MHz, together with a fit to the a function 
C. Spin-echo
The decay of the coherence is due to different types of interactions that are broadly classified as homogeneous vs. inhomogeneous. They can be separated by the spinecho experiment (Hahn-echo) [35] . We will refer to the homogenous decay time of the Hahn echo as T 2 .
Laser 300 µs 4 µs Fig. 12 (a) shows the pulse sequence for measuring the spin-echo relaxation. After the initializing laser-pulse, we applied a π/2 RF pulse, which created the coherence that evolved freely for a time τ 2 /2. We then applied a refocusing π pulse, and a second τ 2 /2 delay. The remaining coherence was converted into population by the third RF pulse and read out during the final laser pulse. In this sequence, all RF pulses were applied along the x-axis. In the reference signal, the last π/2 pulse was applied along the -x-axis, which changed the sign of the resulting population difference. Subtracting the signals from the two experiments thus yielded a background-free measurement of the coherence. Fig.12 (b) , plots the resulting data as a function of the dephasing period τ 2 , together with a fit to an exponential decay
where S x (τ 2 ) and S −x (τ 2 ) are the signals measured with the ±x pulse. The resulting values for T 2 were 3.73±0.13 µs and 3.31 ± 0.24 µs for the V 1 /V 3 and V 2 centers.
D. Echo trains
Multiple refocusing pulses can extend the lifetime of the coherence further, compared to the case of a single echo, if the perturbation is not static, but its correlation time is longer than the spacing between the echo pulses [33, 36, 37] . We therefore measured the coherence time of the centers during a CPMG pulse sequence, as shown in Fig. 13 (a) . After the initializing laser-pulse, the π/2 RF pulse created spin coherence. During the subsequent delay, we applied 2N refocusing pulses, each with flip angle π. The final π/2 pulse converted the coherence back into population which was read out as discussed above. To eliminate background signals, we subtracted the results of the two experiments where the final π/2 RF pulse rotated the spins around the ±x axes. The difference between the experimentally observed signals was fitted to the function
where the total evolution period is τ CP M G =2N τ + 2N τ πpulse , 2N is number of π pulses and τ πpulse is the duration of a π pulse, which was 17.5 ns for V 1 / V 3 and 21 ns for V 2 . Fig. 13 (b) shows the experimental data for a pulse spacing of τ = 50 ns for V 1 /V 3 and τ = 200 ns for V 2 . The fitted parameters are T CP M G 2 = 56 ± 11 µs, n = 0.93 for V 1 /V 3 and T CP M G 2 = 51 ± 4 µs, n = 3.47 for V 2 .
V. DISCUSSION AND CONCLUSION
V −
Si centers in SiC have interesting properties that may become useful in future quantum devices, similar to the NV center in diamond. In this work, we have studied in detail their properties in the 6H-SiC polytype. We studied the photoluminescence spectrum as a function of temperature. At low temperature, the ZPLs of the V 1 , V 2 and V 3 are quite sharp but broaden with increasing temperature. These V − Si centers can be spin-polarised by optical irradiation, the spin can be manipulated by RF fields and read out optically. In zero field, the ODMR spectrum shows two peaks with opposite amplitudes, one at 28 MHz and the other at 128 MHz. They can be assigned to the V 1 / V 3 and V 2 type V − Si [13] . ODMR transitions as a function of the magnetic field parallel to c-axis were measured for both V − Si .
The main emphasis of this work was on the coherence properties of the spins during free precession as well as during the application of refocusing sequences designed to protect the spins against environmental noise. The measured coherence times are sufficiently long for applications in quantum technologies like quantum computing, quantum metrology, and quantum memories. Using a train of echo pulses, we could extened the coherence time of the V − Si in the 6H-SiC polytype at room temperature up to 50 µs. We expect that these times can be extended by lowering the temperature and by applying suitable magnetic fields. These possibilities will be explored in upcoming work.
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